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ABSTRACT 


This thesis describes a device which permits independent 
sampling rates for each channel of a 16 channel multiplexed analog-to- 
digital converter. Therefore, the Sampling Controller, as it is called, 
makes the 16 channel converter appear like 16 single channel analog-to- 
digital converters. This versatility is helpful in real-time analysis 
where it is important to minimize the quantity of superfluous data 
acquired by the computer. Each channel may be sampled at the appropriate 
regular or irregular rate for the associated signal. 

The Sampling Controller is particularly useful in the 
acquisition of neuroelectric and myoelectric data. This data, which is 
in the form of a train of action potentials, can be reduced to peak 
values and interpeak time intervals. 

The Sampling Controller was successfully tested using an 


analog-to-digital converter and a small computer. 
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Chapter 1 
INTRODUCTION 
1-1 The Problem 


The digital computer's ability: to quickly perform complex 
operations on huge quantities of data has made it valuable in many 
situations. Research in the sciences is certainly one of the areas 
where the computer has become increasingly important. This is 
especially true in the life sciences where statistical analysis is 
frequently required. 

Recently, as minicomputers have become more common in the 
laboratory, the appreciation for real-time analysis has oe The 
advantages of seeing the results of analysis displayed, during an experi- 
ment, are numerous. For example, any general trend in a calculated 
parameter is immediately obvious. Also, the effect of an applied 
disturbance to the experiment can be quickly assessed. If biological 
preparations are involved, it is imperative that the experiment be 
completed as quickly as possible since live tissue tends to degenerate 
with time. In such cases, real-time computing can be invaluable in 
speeding up the experimental procedure. 

Unfortunately, there are situations where it is not possible 
to use a computer in real-time. This may happen if the rate at which 
the computations can be performed on the input data is less than the 
rate at which that data is acquired. In other words, the quantity of 


input data may be too large, or the level of computational complexity 
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may be too high. In either case, the computer falls behind in the task 
and is finally overwhelmed. 

The purpose of this work was to design a flexible data 
acquisition system that facilitates real-time analysis. In many 
instances this system can be used to reduce the quantity of data which 
reaches the computer. In other cases, operations can be done on some 
types of data before analog-to-digital conversion to spare the computer 
much calculation. The reduction of a train of action potentials to peak 
values and interpeak intervals is an example. The data acquisition 
system is composed of an ordinary multiplexed analog-to-digital converter, 
and a Sampling Controller. The Sampling Controller is the subject of 


Chasmtnesuse 


i=2 0a Data Acquisition system 


A data acquisition system, that is in common uSe as a peripheral 
for a digital computer, is depicted in Figure 1-1. Usually, since more 
than one channel is to be digitized, an analog multiplexer must be used 
with the analog-to-digital converter. One analog-to-digital converter 
per channel is more flexible than the multiplexer arrangement but 
cost factors presently make the multiplexer scheme more practical. 

There are at least three drawbacks to the multiplexer-converter 
combination. Each of these stems from the fact that no two channels may 
be converted simultaneously. First, the maximum sampling rate of a 
particular channel is reduced by multiplexing. If the multiplexer has 
N analog channels, and the conversion rate of the analog-to-digital 
converter is R samples per second, then the maximum sampling rate for 


one channel is R/N samples per second. Second, it is never possible to 
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Figure 1-1 A common data acquisition system. 
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obtain the analog value of several channels at the same point in time. 
This problem has been overcome by connecting a sample-hold circuit on 
each channel before the ene a The sample-hold modules operate 
simultaneously to retain the analog value on each channel until all 
channels can be converted. Third, there is almost no freedom to make 
the sampling rate of the individual channels different from one another. 
In fact, in most systems all channels are sampled at the same rate. 
However, it would sometimes be advantageous to sample each channel 
independently. For example, consider the case of several analog signals: 
one has a large high frequency content and another does not. To sample 
all signals at a rate fast enough for the highest frequency signal 

would be computationally very time consuming due to the superfluous data 
taken from the low frequency channels. If, on the other hand, the 
sampling rate is appropriate for each signal, the amount of input data 
to the computer can be reduced substantially. In addition, some types 
of signals may have bursts of activity between which exist long periods 
of uninteresting quiescence. To illustrate, consider a series of neuro- 
electric or myoelectric action potentials. For such signals, rather than 
sampling at a regular rate, a detector of some type could be used to 
initiate sampling only during periods of activity. Action potentials 
from a nerve or muscle usually last less than 5 milliseconds, and tens 


>" A regular sampling 


or hundreds of milliseconds lapse between them. 
rate of several thousand per second and considerable calculation would 
be necessary, in this case, to determine peak values and interpeak 


intervals. Instead, a peak detector and timer could be used to extract 


thispintrormation. 
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1--3 The Sampling Controller 


In response to the need for a more versatile data acquisition 
system, the Sampling Controller for a Hewlett-Packard 5610A analog-to- 
digital converter was designed. The 5610A is a 16 channel multiplexed 
analog-to-digital converter which is interfaced to a Hewlett-Packard 
2100A computer. The Sampling Controller makes an N channel cenverter 
appear like N single channel converters (Figure 1-2). 

The most important feature of the Sampling Controller is that 
the sampling rate of each channel can be controlled independently. 

Each analog input on the analog-to-digital converter has a corresponding 
digital input on the Sampling Controller to which various pulse sources 
may be connected. (These pulse sources must, however, be compatible with 
Diode-Transistor Logic or Transistor-Transistor Logic). Every time a 
High to Low transition occurs at one of the digital inputs, the 
corresponding sample-hold circuit stores the analog value on that channel. 
A short time later the Sampling Controller signals the converter to sample 
the output of this sample-hold circuit. The rate at which a channel is 
sampled need not be regular, but it must remain below a certain maximum 
which is determined by the number of channels being used and the conver- 
sion rate of the converter. Any number of channels may be sampled 
simultaneously simply by connecting the respective sample command inputs 
to the same pulse source. 

A special facility has been included in the Sampling Controller 
to deal with neuroelectric and myoelectric information. A digital timer 
allows the time intervals between the sampling pulses, occuring at any 
of the first four channels, to be determined. If one of the peak 


detectors is used in conjunction with the timer, both peak values and 
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Figure 1-2. The Sampling Controller in (a), whieh includes 
the sample-hold circuits, makes the multiplexed analog-to- 
digital converter appear like the N separate analog-to-digital 


converters with reduced sampling rate in CB) « 


(b) 


interpeak intervals may be extracted from a train of action potentials. 


The time information reaches the computer during the conversion of the 


corresponding peak voltage. The timer resolves times as short as 10 


microseconds and reaches full scale after 328 seconds. 
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Chapter 2 


THE SYSTEM 


2-1 Synopsis 


This chapter deals with the design of the various parts of the 
Sampling Controller. Each succeeding section describes a particular 
part, first in general terms, and then in more detail. This een is 
devoted to an overview of the whole data acquisition system. 

The clock and control units as well as the bank of sample-hold 
circuits are the most important parts of the controller (Figure 2-1). 
The memory, timer, and peak detectors are only auxiliary units included 
to enhance the usefulness of the system. Clock pulses at a stable 
frequency are produced by the clock or oscillator to synchronize opera- 
tions in various parts of the controller. 

The control unit regulates the state of the analog multiplexer 
and initiates all conversions. When a pulse appears at a sample command 
input of the control, a flag is set, and a corresponding sample-hold 
circuit is switched from the sample mode to the hold mode. The output 
of the sample-hold circuit follows the voltage at its input until the 
mode change occurs; then the voltage is maintained until the converter 
is able to sample it. All flags are continually scanned at the clock 
frequency until a flag that has been set is detected. Upon the detection 
of a set flag, the control stops the scanning process, switches the 
analog multiplexer to the corresponding channel, and issues an encode 


command to the converter. After the converter has sampled the value 


van ; ; _¢? . 
ts Ree ee em? Ae a 

cy, Ww mie => Fa ws en - on £S 
a ame ‘seen. _ >on a 


. wma Ul, ee 


ods Wo €i78y re aft Imaytteb. ads dulw alash ssiquils siat 
rm bopts mq * eed asedb ‘nolaua \anthseoabe Howd .1dffowsned gabiquat - 
a? weftesc aif? .{iaseh stom at way bnew , aurea featommg G2 dest? ,3aEg 
ans3eu2 notitakupoe sinh afore its jo Wiivysve on ot basoveb 

bhed—slqmas 30 toud sda én Elev ae aginw fosters; bos Asolo si? 
.{1-s orgna) seftotanoy sd) ‘lo eTteg Inbasqet teom edd ene eakuoeio 
beboloent eshen os FT Ygile ving 47% 2703991 H5 Jesn ies , Fomks >crthe edt 
gidsss 6 Is enulinj Roold- -PSIEye saz Yo -eaenletuan ais somadne of 
“83090 saipoidognve 63. 1070 i520 a0 Asolo af? «d boouloug os yomeupas® 
<igllowine) adi fo-edy5q shaliev at eaokt 

Wekwtqiilon wolscs $A3. 9 84832) 907 es2tLuget jigu FoxwTos ofT 
buniaeo: alygas mn Ja 2tngqqa sala wea -agotet4e002 Hs ssseieiok Ene 
blod-slynes gnlhaoqen tye = be $02 2bogeli. wn , lovgnes ais. fe suqak 
Higitee af .shoa Bios ads of sfomrslquae ont ao7t bedsttwe a2 thoopie 
si) L3tnw soqnd adi ae agoafoy offs awolial stuctis Slon-obqaes aft Te 
wadtevnes aft ipint teutsiniam et sgetlov sev aed) f21v990 sgmeds eben 
demic oft 22 bemmace yilsvnlones sx egal? IA .32 slquna o7 side ek - 
aatsonssb sdi nog .betsoIeh #2 J98 wood esti tony geld es Lhtew yoosupest 
SO eetoaies eben ghia eed it aan: desing: och pee Hone Be 
abaoes to saunuh Sas. Sauna quibnoneinre> wily 0s xaxolgs item poten 
: votev ads belguie ai testes aft wostAe .amceniieh ate ot hademe 


: . 
> vo nae | 8. 


ANALOG 
INPUTS 


MULTIPLEXER 


t 
(CHANNEL 
‘NUMBER 
2 -- = 

SAMPLE -- -- 


COMMAND 


Me AE se CONTROL 


H 
H 
hates poe 
' 


| MEMORY | 


Api gn in ac ahs AP 


[ove 
Ww 
= 
iy SF =) 
ion 
ie = 
@) 
U 
‘ENCODE 
ls |e 
J 
i 
felt 
; TIME ' 
INFORMATION; } 
j tons 
ee 
lage 
ie 
4 
con 
bea 
dee 
t 
Aa 
os, 
ela 
jo te 4 


ee oe wm oe me we oe: oe ee ee oe me oe oe oe oe ow ad 


e- we ee ee pe ONE DIGITAL SIGNAL 


) SEVERAL DIGITAL SIGNALS 


Figure 2-1 The data acquisition system including the 


Sampling Controller. 
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presented by the qubtiplexene the flag in the control is cleared, and 
the sample-hold circuit is released from the hold mode. The scanning is 
resumed when the conversion is complete. 

The timer is capable of measuring the time intervals between 
the appearance of pulses at any of the first four sample command inputs. 
When a pulse arrives at one of these inputs and sets the flag, the state 
of the timer is stored in a buffer, and the timer is reset to zero. 
During the time that the corresponding analog channel is converted, the 
information in this buffer is transferred to the computer. Four switches 
mounted on the front panel of the controller make it possible for all, 
some, or none of the first four channels to be connected to the timer. 
For example, if only one channel is connected to the timer, the time 
intervals between sampling pulses on that channel only are measured. 

There is a possibility that the control may initiate conver- 
sions in a different order than the order in which pulses arrive at the 
sample command inputs. For instance, flags 3 and 1 may be set, in that 
order, but the control may cause channel 1 to be converted first. When 
the timer is used, this would cause the time information to be sent to 
the computer in the incorrect order. The purpose of the memory is to 
ensure that the correct order is preserved. The order of arrival of 
pulses at any of the first four sample command inputs is stored in the 
memory, and the memory acts on the control to allow conversions only in 
this orders 

The two peak detectors included in the controller are useful 
in reducing the quantity of sampling required with some types of signals. 
A peak detector is usually connected as shown in Figure 2-1. When a 


peak occurs, the detector transmits a pulse to the control which signals 
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the correct sample-hold circuit to retain the peak voltage until con- 
version. The peak detector may be operated in a variety of modes which 
expand its usefulness. 

Although only 8 sample-hold circuits have been made, the 
system has been built to accommodate 16 of them. In addition, the 


memory may be immediately expanded from 4 to 8 channels. 
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The control logic, the oscillator, and a bank of sample-hold 
circuits are all that are needed for the operation of the basic system. 
With just these, it is possible to sample any channel at any rate below 
a certain maximum. 

The order of events when a pulse arrives, at say sample 
command input 3, is as follows. 
ly The pulse sets a flag (flip-flop) corresponding to channel 3. 
(2) The state of the flag determines the state of a corresponding 

sample-hold module which is connected to the channel 3 analog 

source. As soon as the flag is set the analog value at that 
moment is held. 
(3) A divide by 16 counter with decoding gates is driven at 

1.024 MHz. and interrogates each flag in turn. When the 

sampling pulse arrives at flag 3 the counter can be interroga- 

ting any tlagetrom Lito 165. but, for discussion, letait be at 

SLAG aoe 
(4) If no other pulses are allowed to set other flags the counter 

will unsuccessfully interrogate flags 5 to 16, 1, and 2 before 
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(5) The set state of flag 3 is detected and an encode pulse is 
sent to the analog-to-digital converter to start a conversion. 

Also, a mode flip-flop is set which initiates the pause phase 

which lasts for 11 microseconds. 

(6) During the pause phase the counter is not incremented but 

instead switches the multiplexer on the converter to channel 3. 
(7) Approximately 4 microseconds after the commencement of the 

conversion, flag 3 is cleared which releases the sample-hold 

circuit from the hold mode. (During the third microsecond 
after the beginning of the conversion, the analog sample is 
transferred to an internal sample-hold circuit in the analog- 
to-digital converter). Then, 11 microseconds after the 
beginning of the conversion, the converter resets the mode 
flip-flop and the scanning process resumes. 

Three points should be made clear. First, a pulse is ignored 
if it arrives at flag 3 after it is set, but before it is cleared. This 
is how the control limits the sampling EteRGE a channel. A quantitative 
treatment of the maximum sampling rate is given in Appendix 1. Second, 
the time required by the analog-to-digital converter to digitize a 
voltage is 10 microseconds. The Sampling Controller allows 1 extra 
microsecond per conversion and takes 1 microsecond to interrogate a flag. 
Third, it is possible to switch the output of a chosen decoding gate back 
to the clear input of the counter. Fewer than 16 flags may then be 
scanned to avoid the unnecessary waste of time caused by interrogating 
flags corresponding to unused channels. This saving produces an 
increase in the maximum sampling rate of the active channels. 


The construction of the control unit is shown in Figure 2-2. 
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The control can be most easily understood by considering its two modes 


of operation. 


Scan Mode. In this mode, the scan counter runs at the 
1.024 MHz. oscillator frequency. The scan counter is semi-synchronous. 
That is, it is neither completely a synchronous counter nor a ripple 
counter. Rather, it is partly both, and represents a compromise between 
the speed of a synchronous counter and the simplicity and lower cost 
of a ripple counter. The outputs of the scan counter drive the inputs 
of the decoding gates (Dl to D16). The counter-decoding gate arrangement 
assures that one and only one flag is interrogated at a time. 

The decoding gates Dl to D8 have an extra input which may be 
controlled by the memory. Only gates D1, D2, D3, and D4 are actually 
connected to the memory however, because only a four channel memory has 
been built. The function of a decoding gate is three fold. First, a 
particular gate DN (where N=1,2,3,...,16) with a gate QN allows only 
flag N to be detected. Secondly gate DN along with gate SN assures that 
only flag N is cleared after channel N is converted. And finally, a 
switch is provided to allow the output of a particular gate DN to be 
connected to the clear inputs of the scan counter so that only the first 
N-1 flags are scanned. 

If a flac Neisesety and if the scan counter activates: gate DN, 
a level change ripples through gate QN and the 16 input gate C. The 
clock pulse CP2 is suitably delayed from CPl to allow for adequate 
settling time before relaying the level change at gate C to the mode 
flip-flop. When CP2 does appear at gate E the mode flip-flop is 
immediately toggled, and a one-shot multivibrator sends an encode pulse 


to the analog-to-digital converter. The encode pulse initiates a 
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conversion, and the buffered outputs of the scan counter switch the 
multiplexer to the correct channel. At the same time, another monostable 
multivibrator blinks a panel mounted lamp to indicate that an encode 


pulse is being sent. The pause mode is now entered. 


Pause mode. The mode flip-flop, when toggled to the pause 
state, stops the flow of clock pulses to the scan counter, and instead 
directs them to the pause counter. The function of the pause counter is 
to determine the order and timing of events in the pause mode. The 
clear flip-flop, after 4 microseconds in the pause mode, changes state 
and clears the appropriate flag. That flag is held in the clear state 
until the end of the pause mode to allow the associated sample-hold 
circuit time to acquire the new signal. The clear monostable multi- 
vibrator advances the memory if it is in use (see Section 2-3). Another 
monostable multivibrator (time encode) sends a pulse to the computer to 
load time information into the computer interface. 

The pause mode may be terminated by a (data ready) pulse from 
the analog-to-digital converter or by the pause counter after 11 micro- 
seconds have elapsed. When either of these things happen, the pause 
counter, the clear flip-flop, and the mode flip-flop are cleared and 


scanning is resumed. 


2-3. The Memoryeunia 


If only the control logic is used, there is no assurance that 
the channels will be converted in the same order as the order in which 
sampling pulses arrive at the sample command inputs. A set flag 
indicates only that a pulse arrived some time in the past, but indicates 


nothing about the time that the flag was set with respect to the others. 
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The scan counter interrogates the flags in numerical order so that the 
channels are converted in that order, regardless of the order in which 
they are set. When the timer is used it is essential that the time 
information be sent to the computer in the proper order. Some type of 
memory is therefore necessary for use with the timer. 

Channels one through four only are associated with the memory. 
Switches corresponding to each of the first four channels are provided 
on the front panel so that any combination of them may be put under 
memory control. For example, if switches two and three are turned on, 
channels two and three will always be converted in the same order as 
their flags are set. 

The type of memory used in the Sampling Controlier is shown 
in block form in Figure 2-3. It is a two dimensional array of flip-flops. 
One co-ordinate of the array is the priority level and the other is the 
channel number. Priority level A is the highest and indicates to the 
control which channel of the four should be sampled next. 

A typical example of the time sequence of operation follows. 
(1) A pulse sets flag 2 which results in the setting of bit A2 in 

memory (assuming that the memory is initially clear). 

(2) When the control next checks on the state of flag 2, it finds 
that it is set, so a conversion is initiated. As flag 2 is 
cleared, the memory is shifted to the left which effectively 
clears it. 

(3) Now, let flags 2 and 1 be set in rapid succession, in that 
order. Memory bit A2 is set. Then, since priority level A 
is occupied, bit Bl is set. 


(4) The control, on its next scan past the first four flags, does 
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not detect the set state of flag 1 because the memory masks 

it. Flag 2, however, is detected and cleared so that the 

memory is shifted to the left which places channel 1 in the 
highest priority level. 

(5) After another complete cycle the control arrives again at 
flag 1 which is now unmasked. Channel 1 is converted and 
another shift clears the memory. 

It can easily be seen that the number of bits in the memory 
increases as the square of the number of channeis under memory control. 
Also, expansion of the memory is difficult because it must be expanded 
in two directions with an associated increase in logic complexity. 
These problems can be partly overcome by having two levels of memory. 
Smaller blocks of (4x4) sub-memory are controlled by a master memory, 
The sub-memories store the relative order in which four flags are set 
and the master memory stores the order in which the sub-memories accept 
information. For example, if flags 4, 6, 3, and 1 are set in that order, 
the first sub-memory, which is associated with flags 1 to 4, stores 
the order in which flags 4, 3, and 1 are set, and the second sub-memory, 
which is associated with flags 5 to 8, stores the fact that flag 6 is 
set. At the same time, the master memory records the order in which 
the sub-memories should be enabled and disabled. That is, since flag 4 
is set first, sub-memory #1 has the highest priority and is enabled 
first. Flag 6 is set next, so sub-memory #2 has the next highest 
priority. Sub-memory #1 is given the third and fourth priority for 
flags 3 and 1. With two levels of memory, expansion is accomplished 


by adding more blocks of sub-memory and changing the master memory. 
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The number of bits required by the two levels is not as great as that 
required by one large block of memory. For eight channels, 64 (8x8) 
bits are required if one block of memory is used. When two (4x4) 
sub-memories, and one (2x8) master memory are used instead, the total 
quantity of memory bits is reduced to 48. 

The remainder of this section explains the design of the 


memory in greater detail. 


Sub-Memory. The sub-memory, shown in Figure 2-4, is 
associated with the first four channels. (Provision is made for the 
addition of another sub-memory for channels 5 to 8). Switches A, B, C, 
and D allow channels 1, 2, 3, and 4 respectively to be subjected to 
memory control. An example of how information is entered into, and 
erased out of the sub-memory follows. At first, assume that all four 
switches are on. That is, A, B, C, and D are connected to a 5 volt 
supply through the 100,000 ohm resistor. In addition, let the memory be 
initially clear. 

tte lagg2eteuset, ansaltened output 2FQ from this flag appears 
at the input of a latch. The pulse train CPS loads the new flag level 
into the latch so that 2FQ is presented at the input of gate G2. Some 
time later a strobe pulse (produced by the strobe counter shown in 
Figure 2-5) causes the output of G2 to change momentarily. Since the 
memory is clear, S2A transmits this pulse to the set input of flip-flop 
2A. The presence of a set flip-flop in a previously clear row, activates 
gate P2, which inhibits gate G2 so that it cannot set another flip-flop 
until the row is cleared by a shift. 

The purpose of the strobe counter is to eliminate racing for 


one priority level in the memory, but it has one important disadvantage; 
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Figure 2-4 The sub-memory. (The circled numbers indicate logic 
function - see Appendix 2.) 
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Figure 2-5 The strobe counter and decoding gate assembly 

for the sub-memory. Note: AQ is wired to Vcc rather than 
the counter because only one sub-memory has been made. 
Therefore, the cycle time is reduced from 8 to 4 microseconds. 


it limits how well order can be discriminated at short time intervals. 
tia OlLeIns tance wt acs ls sands? are, set inathat, order, Less than 8 
microseconds apart, they will not be entered into the memory in that 
order, but in the order in which the strobe counter pulses the G series 
of gates. Flags set more than 8 microseconds apart, however, are 
properly discriminated. Since only one sub-memory has been made, the 
strobe counter and decoding gate assembly has been modified to have a 
cycle time of 4 microseconds rather than 8 microseconds. 

A network of gates determines which flip-flop in the memory is 
set. Gates CA, CB, CC, and CD along with gates W, X, Y, and Z select 
the column of highest priority which is not occupied. The S series of 
gates select the appropriate row. 

The way in which the memory influences the control is as 
follows. The output of each flip-flop in the highest priority column 
(A) is connected through two gates to an input of a corresponding gate 
DN (N= 1, 2, 3, 49 in the control’ Only one flip-flop can berset in 
column A at any one time so only the corresponding flag can be detected 
by the control; all others are masked. 

When a flag is detected by the control, the pause phase is 
begun, during which the flag is cleared and a monostable multivibrator 
sends a pulse (WXP) to the shift logic shown in Figure 2-6. The shift 
logic ensures that a conversion of only those channels which are 
switched on initiates a shift. Since each row of the memory is simply 
a shift register, pulse WXP shifts all information one column to the 
left, with nulls appearing in column D. 

It is worthwhile to examine the functions of the switches more 


closely. When the power is turned on, problems would arise if the 
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flip-flops in the memory were allowed to assume a state randomly. More 
than one flip-flop could be set in a particular row or column, or worse 
still, a place in the memory could be set with no corresponding set flag 
in the control. A simple resistor-capacitor circuit solves this problem. 
If a switch happens to be in the on position during turn on, the 100,000 
ohm resistor and 100 microfarad capacitor hold the clear inputs of the 
corresponding row of flip-flops low, long enough to clear that row. If 
a switch happens to be off, the clear inputs of that row of flip-flops 
are held low anyway. Furthermore, the switches are used elsewhere in 
the sub-memory and shift logic to allow only channels that are on to 


use the memory and affect the control. 


Master Memory. The master memory (Figure 2-7) is intended to 
control the order of operation of two sub-memories like that shown in 
Figure 2-4. In the master memory there are two rows of flip-flops 
corresponding to the two sub-memories, and eight columns corresponding 
to the eight total priority levels of the two sub-memories. When any of 
the four gates Gl to G4 (or G5 to G8) transmit a pulse to write in the 
sub-memory, this pulse also writes in the master memory. The logic at 
the top of Figure 2-7 does this. 

In most respects the master memory and sub-memory are similar 
except for one important difference; more than one flip-flop can be set 
in either row of the master memory. In fact, up to four can be set in 
either row. Every time either sub-memory is shifted, the master memory 
is also shifted by the logic shown in Figure 2-6. This action masks 
and unmasks the sub-memories in proper sequence. Flip-flops 1A and 2A 
are connected to gates Al, A2, A3, and A4 in both sub-memories 


(Figure 2-4). Therefore, the state of these flip-flops can inhibit the 


30K | per oat 
hits tain, <u sits idlaataaas si 358 ake 
pals t8e gatimoqasrios on ditty sae -ed bls. yams ods oh opatn @ ,DkEse 
mnteoty abd wero 3 iuaths retgsixbo-tapabeor % obdmike A er © 
G00, G05 sif2 gio dws getauh potitae, no sit7 ot 2d a). eabqgquit ulopbee & Bd 
ay 2e ermgdt sealo ad Mal ToThoRqe> boredorste ms fo tormbesy milo 
aes Gand Yeats at Moone gil wor nqol sets lo wor gabinoqeystas 
aqot?-yP? fo wer 1h5- 20 emmqnt m9ls std \Jo.cd of ragged asive ee 


#2 Sralleiela'tean S4e eotottve oly ,atossssiesul § .yavens Vol bled opp 
49 oo 246 Jods elommsdo yuo woila of sigol s7ide bee ytamee-deg BBS 


.ieyioos ad1 1s0lts bok yromee off sap 


ad Buhwosel ei ({-© aanaiy) rh Gpeoan Tetenm sli acto oni ; 
wh awode Sait eit! o9ftecsaxics ows Jo acivetsde Jo wine ad fozzaes 
eqolt-q2?1i 1o ewor ows o38 o74sf3 Yeoman titeto sf? a] _ .d-8 emnged 
guliegqevaios ameyioy vlais bas ,zeryomen-dug- owl 9f% 03 gutbnpgestted 
To qaw aed) .wabyou~e-due ows aid Jo eloval y3itetty Lejos mig edz 
sf @k esiae o1 saliig 6 ihennicss (89 og 20 16) 40 oo 1D eatem sud ods 
de otgol 287 . ytcaep isieem odi ot gaiitw cela satoq aiita .odse-dua 
eid eeob \-$ styugll to god add 
waljmte o7s Yienemdue ban yromér xstene vi) esosq2et Jeom al | 
, fee of geo qoll-qii? sno aad? yt0m j ama teTIEL Inssyaqmi one +6) 3qQ90RN 
nk je6 od p89 THOT 63 qu .t981 of) 6. yaundem 14)eem art lo wor a9ehe ab 
yaemen tslamy ott ,bogEAb =i yTemum-du2 tefsts ants vovd .wow tensto 
ataes siplisn aid? .A-£ syugit md nwodo olyol ods yd bod tide! onde Ob 
AS here AL aqAL-gi2T .9onaypge rqor) nt gatrome-cue of) wlan Bae 


etiunen-dys dsed ml ba brn £4 eh ls a3jayg 91 Seaoennes saa 


ita AUR wes ngDLA-qes) sosiis Io syet8 ait oxoieredT (OR omgeR) 


a 


INHIBIT 2 


INHIBIT 1 


vila 
Q J 


ee 


igure 2-/ The master memory. 


ASSIS 


2 Fl oR 


26 


blanking lines from the sub-memory to the control, thereby performing 


this masking function. 


2-4 The Timer 


The main motivation for including a timer in the Sampling 
Controller is to measure time intervals between peaks of myoelectric 
spikes. To do this and operate effectively the timer must fulfil the 


following requirements. 


Great Range. The timer should resolve small fractions of 


milliseconds and yet have a full scale of at least several minutes. 


Binary. To minimize manipulation by the computer, the timer 
should "speak the same language" as the computer. That is, it should be 


a binary timer. 


Word Size. Since the allowable word size of the computer 
interface is 14 bits, this limitation must apply to the output word size 


of the timer. 


Output Buffers. The operation of the timer and computer are 
not synchronous so storage buffers for the time information are needed. 
The buffers perform the same function for the digital time data as the 
sample--hold circuits perform for the analog signals. 

The first three requirements combine to produce an interesting 
restriction. If a simple binary counter is used for the timer and a 10 
microsecond to 100 second range is required, the counter needs to be about 
24 bitslong. It is obvious then, in view of the 14 bit interface 


restriction, that the timer cannot maintain full resolution over the 
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entire range. It is important, however, that as much resolution as 
possible be kept in the measurement of short times. A counter that 
provides a solution is one that automatically changes ranges. 

The output. word of the timer is. in the form of a 10 digit binary 
number and a four digit binary exponent. The number .1000000000 0001 is 
the benchmark and is equal to 10 milliseconds. Other examples are; 

- 1000000900 0010 is 20 milliseconds and .1109000000 0010 is 30 milli- 


seconds. The time can be easily calculated by using the formula: 
: E en 
Time’="N x°2, §x J0emnillisecondss 


where N is the decimal equivalent of the 10 digit number and E is the 
decimal equivalent of the 4 digit exponent. The shortest range is 10 
milliseconds and the longest is 328 seconds. The resolution of each 
range is 1 in 1024. 

An analogy to the timer is a multirange voltmeter driven by a 
linear voltage ramp (Figure 2-8). At time zero, the voltmeter indicates 
zero volts and is on the most sensitive range. After a short time the 
voltmeter reaches full scale, at which time the operator moves the 
range switch to the next less sensitive range. Most voltmeters have 
decade ranges, but for the sake of similarity, let each range be only 
half as sensitive as the last. Therefore, upon switching ranges, the 
voltmeter needle drops back to half scale and continues its linear climb 
to full scale, but at only half the previous rate. At full scale the 
sensitivity is reduced once more, and so on, until the last range is 
reached. The reading on the scale of the voltmeter, of course, 
corresponds to the 10 bit binary number of the timer, and the range 
switch serves the same function as the four digit exponent, 


The operation of the timer with respect to the rest of the 
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Figure 2-8 Voltmeter analogy to timer. 
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the first four channels, three things happen almost simultaneously. 
That channel is ranked in the memory according to arrival order, the 
time information is loaded into a buffer, and the timer is reset to zero. 
Later, when that channel is being converted, the time information stored 
in the buffer is transmitted directly to the computer interface. 
Furthermore, the timer can be influenced by two front panel 
controls: a button, and a switch. The RESTART button, when pressed, 
resets the timer to zero. The three-position END SCALE switch stops 
the timer at three differentetimes (1.28 sec. 10.27? sec., and 328 sec.}. 
After the timer runs for the length of time indicated by this switch, a 
blue lamp comes on and the value of the timer becomes .1111111111 1111. 
The timer stays at this value until reset to zero. 
The two part construction of the timer is depicted in 
Figures 2-9 and 2-10. One part is a particular type of counter and the 
other part scales the clock pulse rate for that counter. The counter 
is separated into two parts; a divide by 1024 counter, and a divide by 
16 counter. The four bit divide by sixteen counter yields the exponent. 
If both the scaler and counter are assumed to be clear at 
first, it takes 1024 pulses at CPO to fill up the 10 bit counter. 
However, when the most significant bit of the counter (flip-flop #5) 
goes from a 1 to 0 state, a monostable multivibrator is fired doing 
three things; bit 5 is reset to a 1 again, the four bit exponent counter 
is incremented, and the scaler is cleared. The output of the exponent 
counter with the sixteen NAND gates in the scaler, select a clock 
pulse rate that is half as fast as the previous rate. This is 
accomplished by simply gating the output of the next flip-flop in the 


long ripple counter of the scaler. This continues until both the 
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exponent counter and the ten bit counter are completely full. A 
fourteen input NAND gate detects this fact and inhibits the flow of 
clock pulses to the scaler (and therefore to the counter), and the 
END SCALE lamp turns on. 

The restart circuit is only a monostable multivibrator which 
clears both the counter and scaler. The multivibrator can be fired by 
the manual RESTART button or by the memory. 

Figure 2-11 shows the time buffers that are associated with 
the timer. Pulses from the sub-memory load the time information into 
the appropriate string of latches, and the gates multiplex the four 


strings of latches into the computer interface. 
2-5 The Sample-Hold Module 


The sample-hold module, because it is an hybrid circuit, has 
many specifications. That is, it is partly analog and partly digital 
in nature. The many compromises that can be made between the character- 
istics of the two modes has resulted in the great variety of sample-hold 
modules on the market. Some types are superior for certain applications 
but no single design can be used universally. 

The type of sample-hold circuit used in the controller is 
depicted in Figure (2-12a). The basic circuit of a capacitor and switch 
is improved by adding input and output buffering amplifiers, each ae a 
gain of one. 

The following paragraphs deal with some limitations of 


practical sample-hold circuits and specific problems encountered in this 


application. 


Aperture Time. The propagation delay of the switch and 
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associated logic gates allow the input signal to change before holding 
an analog value. Using FET switches the delay is less than 200 nano- 


seconds and so is not significant for most physiological signals. 


Acquisition Time. When the mode changes from hold to sample, 
the capacitor must be charged up to the present value of the input 
voltage. The slew rate and settling time of the output amplifier, the 
output current capability of the input amplifier, and the RC time 
constant of the switch-capacitor combination all limit the time in which 
this can be accomplished. The worst case occurs when the capacitor must 
be charged over the full scale. The time required to do this is regarded 
as the acquisition time. The total voltage range in this case is + 2.5 
volts, and only 6 microseconds are allowed by the analog-to-digital 
converter to acquire a new signal. If a capacitor of 3 nanofarads is 
chosen, and if the resistance of the switch is 200 ohms the time 


required to reach 0.1% of the final value for an RC circuit is 9RC or 


9 


9(200) (3 x 10 ~) = 5.4 microseconds. 


Therefore the value of 3 nanofarads for the holding capacitor is just 


small enough to satisfy the acquisition time restrictions. 


Drift in Hold. Leakage currents from three main sources 
cause the holding capacitor to discharge in the hold mode. areatae 
may be composed of the input bias, and leakage current of the amplifier; 
the leakage current of the capacitor, and physical circuit arrangement; 
and the leakage of the switch. The discharge rate of the capacitor may 


be expressed as 
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The maximum time that a sample must be held may be found by 
the formula presented in Appendix 1, with M = 8 and N = 16. A value of 
0.89 milliseconds results, but for a conservative design, 1 millisecond 
is taken as the length of time that the drift must remain well within 
the resolution of the analog-to-digital converter. Using this, a simple 


calculation yields: 


. 
ectaceeme AVG _ 2.5 mv. CL.07nt. ) 


At 120 ms. Diane: 


Therefore, if the holding capacitor is Inf., Uh anise must be less than 
2.5 na. A FET input amplifier at the output, a low leakage switch, and 


a low leakage holding capacitor are therefore required. 


Sample-to-Hold Offset and Feedthrough. Capacitances in the 


switch subtract a small amount of charge from the holding capacitor when 
the module is switched from sample to hold. If the gate of the FET 


switch is driven through 15 volts and if C is reasonably assumed to 


GS 
beg. pie. the voltage offset for a1 nt. holding capsciton is 15 mv. 
(Figure 2-13). But the resolution of the analog-to-digital converter is 
about 5 mv., so this error is intolerable. This problem may be solved 
by adjusting the offset of the output or input amplifier to compensate 


for this effect, and keeping C,, as large as possible to minimize it. 


H 
Feedthrough occurs when an attenuated version of the input 


signal appears at the output of the module when it is in hold. The 


switch capacitance Cys is the offender in this case. However, if Cy is 


made large, the problem is minimized. 


Voltage Gain and Gain Accuracy. If a voltage follower 


configuration is used for both input and output buffers, a gain of very 
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Figure 2-13 
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The origin of the sample-to-hold offset 


CEO. 


ee 


close to unity is assured. The gain nonlinearity is less than 0.01% if 
both common-mode rejection ratio and open loop gain of the operational 
amplifier are larger than 80 An Therefore the voltage follower is 
easy to use and maintain because gain adjustments or calibrations are 


never necessary. 


Temperature Stability. Temperature profoundly affects the 


magnitude of the input bias current of the FET input operational 
amplifier as well as the leakage current of the switch. In fact, for 
every 10°C rise in temperature these quantities dann lene The size of 
the storage capacitor must therefore be chosen so that, even over the 
entire temperature range, the drift in the hold mode is not larger than 
the resolution of the analog-to-digital converter. 

The D.C. offset of the module must not vary more than the 
resolution of the analog-to-digital converter. This is particularly 
difficult to achieve with a FET input operational amplifier. Modern 
FET amplifiers are temperature compensated, and offset trimmed by a 


6 por 
laser. However, for these amplifiers, the near zero temperature 


coefficient is made to occur at zero offset voltage. In this application, 


an offset voltage of tens of millivolts is needed to eliminate the 
sample to hold offset error. This problem is solved by using FET 
preamplifiers which allow an adjustment of both temperature coefficient, 
and offset voltage. 

The circuit diagram of the sample-hold module is shown in 
Figure 2-14. The input and output buffers are just voltage followers, 
but the output buffer is composed of two integrated circuits. The FET 


input preamplifier (HA 2005) provides the general purpose operational 
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amplifier, (MG1439G), with a high input impedence ales ohms), and a 
low bias current (1 picoampere typically). Also, the temperature 
coefficient of the offset voltage becomes zero at some offset adjustment 
of the preamplifier. This offset can be countered by another offset 
produced by the resistor network between the preamplifier and the 
operational amplifier. Therefore, by making two adjustments, the offset 
voltage temperature coefficient and the sample to hold offset error can 
almost be eliminated. 

A JFET serves as an analog switch and is connected to a 
corresponding flag in the control by a buffer and switch driver. The 
design of the switch and switch driver is derived from several 


SR 7Les) 
sources. 


2-6 Peak Detector 


One of the main reasons for developing the sampling controller 
was to be able to reduce a train of action potentials to peak values and 
time intervals before conversion. This section describes the device 
which signals the controller when a peak occurs on a particular channel. 

In myoelectric recordings there is often a substantial amount 
of so-called base-line noise. The peak detector should therefore contain 
a threshold facility so that this type of interference can be rejected. 
In addition, a feature is required where either positive or negative 
peaks can be selected. Figure 2-15 shows in block diagram form how 
these minimum requirements can be met. The inverter enables negative 
peaks to be treated in the same way as positive peaks. The rectifier, 
with an adjustable level, slices off the bottom part of the waveform 


thus reducing noise problems. Finally, a comparator squares the 
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derivative of the rectified signal. Recall that the flags in the 
control are set by a negative going transition at the appropriate sample 
command inputs. Therefore, the peak detector can be used to set a flag 
when a peak occurs on a corresponding analog channel. 

The peak detector is shown in Figure 2-16. Operational 
amplifiers are connected in different configurations to act as the 
inverter, rectifier,-and\ comparator(.: Signal, differentiation is 
accomplished by a simple RC circuit. A three position switch allows 
for two different ranges of pulse widths in the peak mode as well as a 
capability for level gating. In the latter case, the capacitor is 
shorted out, thus eliminating the derivative function. Therefore the 
whole circuit acts as a level detector. Another feature of the peak 
detector is the AND gate at the output. It is especially useful in the 
level mode where it can gate a train of pulses whenever the waveform is 


above (or below) some artibrarily selected level. 


7 Wave Ofsreat i beeeie 


The oscillator supplies timing pulses to the control section 
as well as clock pulses to the timer. While the frequency of the 
oscillator is limited by the propagation delays of the logic in the control, 
the exact frequency that it must produce is determined only by the timer. 
That frequency is 1.024 MHz. The reason for such a peculiar figure is 
that the timer has a ten digit binary counter which divides by 1024. 
The first range of the timer is then a convenient number because the 
clock frequency of 1.024 MHz. is divided by 10 and 1024 to yield exactly 
100 Hz. Therefore the ten digit counter fills up in 10 milliseconds. 


The stability requirement is also determined mainly by the 
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timer. For accurate timing, the frequency must not vary more than 
+ 500 Hz. which corresponds to a .1% change. Even if the variation, 
for a conservative design, is limited to 0.05% it is clear that a 
crystal controlled oscillator could easily meet this specification. 
However, a less expensive oscillator without a crystal, such as the 
Clapp-Gouriet oscillator, can also meet this stability radi ences Geo cad 
The Clapp-Gouriet oscillator was chosen because it is simple, 
quite stable, and frequency adjustable. In order to achieve frequency 
stability, each component in the oscillator that affects frequency must 
be stable. In addition, it is advantageous to make the frequency 
dependent on as few components as possible. Figure 2-17 shows a diagram 
of the Clapp-Gouriet oscillator as well as some important relationships. 
The parasitic capacitances of the JFET are dependent on temperature and 
power supply voltage. However, the frequency is only slightly affected 
by changes in the parasitic capacitances if Cy and C, are made large with 
respect to them. A change in R also affects the frequency but this can 
be minimized by using a buffer amplifier to drive the load. Also, when 
R>>r the temperature dependence of ta is only weakly reflected in the 
frequency. If C, and C., are made large with respect to C5 the 
frequency is mainly determined by L and C,. Therefore it is important 
that these components be stable. For temperature stability, the 
capacitance C. is the worst offender. A combination of capacitances 


with opposite temperature coefficients reduces this problem. 


Figure 2-18 shows the final design of the oscillator, buffer 


amplifier and clock pulse shapers. 
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Supply voltage 


pc=—parasitic 


Capacitances 


Oscillation frequency Uo?= HS ES + | 


Self- starting condition 9g,,= [o,+c,+ Se a i 


+ C3 RC 
C) CoC 
where Rio tal |Ry ; C= Se » (y=JFET drain resistance 


Figure 2-17 The Clapp-Gouriet oscillator - the equations 
are derived using the Barkhausen criterion.12 
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Figure 2-18 Oscillator and clock pulse shaper. 
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2-8 The Power Supplies 


Three power supply voltages are needed by the Sampling 
Controller. The positive and negative 15 volt supplies are required 
by the analog circuits, while the positive 5 volt supply powers the 
digital circuits. Two transformers in parallel are needed for the 15 
volt supplies, and two 5 volt regulators are used because of the large 
current requirements. A diagram of the power supplies is shown in 


Figure 2-19. 
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Chapter 3 


RESULTS 


3-1 Construction 


A considerable amount of attention has been given to the 
placement of the circuits in the Sampling Controller. Most of the 
digital circuits are in one rack while the analog circuits are separated 
from them, in another rack. This separation is very important because 
analog circuits are quite sensitive to transients generated by the logic 
devices. For the same reason, the regulators of the + 15 volt supplies, 
for the analog circuits, are shielded and placed in the analog rack. 

The logic rack is placed above the analog rack, rather than the other 
way around, to avoid heating the analog circuits by convection currents. 

The digital integrated circuits are mounted on cards that can 
be easily removed from the upper rack. The upper rack also houses the 
oscillator as well asthe transformers, rectifiers, and filters for the 
power supplies. Enough space remains in the rack for the future 
expansion of the memory and time buffers. 

For convenience and expandability, the analog circuits in the 
lower rack are constructed in modular form. There are five modules in 
all. Two are identical and contain four sample-hold circuits each. 
Another module has two peak detectors. The fourth contains the 15 volt 
regulators, and the switch drivers for the sample-hold circuits. The 
last module is empty to allow for the addition of more sample-hold 


circuits, peak detectors, or other related circuits. All of the modules 
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A/D Command 


msb Data Ready 


Channel 
= — Encode 
Number 
Isb 
msb Isb 
A,B,C,...,P — Time Information 
R = Time Encode 
S—- Multiplex 
1 or. 
2 or Ground 
Channel 
3 or 7 
4or 


Figure 3-1 Connectors 


50 


pk 


are separated from each other by grounded shields. 
In total, the Sampling Controller contains 171 digital 
integrated circuits, 30 integrated operational amplifiers, and 22 


EranSsuSEoRS. 


3-2 Performance 


The specifications for various parts of the controller are 
listed in tables 3-1, 3-2, and 3-3. In all cases the specifications 
apply over the temperature range from 0°C. to 50°C. 

The maximum sampling rate, for a particular channel, under 
various conditions, may be found using Table 3-3. To illustrate, 
consider the case where the first 6 channels are used and where channels 
1 and 3 are under memory control. The box containing the numbers 13.9 
and 8.0 is located using the two facts that M = 2, and N = 6. The 
maximum sampling rate for a channel not under memory control is 13.9 KHz., 
while 8.0 KHz. is the maximum sampling rate for the two channels that 
are under memory control. Notice that the use of the memory does not 
affect the sampling rate of those channels not controlled by it. An 
explanation of how these sampling rates are calculated is given in 


Appendix 1. 


BJ Operation 


An effort has been made to keep the operating procedures of 
the Sampling Controller simple. Convenience of operation was, in many 
instances, considered sufficient justification for added circuit 
complexity. For example, a special circuit was included to automatically 


clear the memory during power turn-on. Without this circuit the memory 
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Specifications for Oscillator and Sample-Hold Circuits 


Oscillator 
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Peo er ae) ee (VOLE (Eom 4.700. sCOuD eel ov.) 
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2 mv./sec. maximum 
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OFZ 

Adjustable to zero; 10 uv./°C maximum 


1 Megohms minimum 
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Table 3-2 Specifications for Peak Detector and Power Supplies 


Peak Detector 
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Table 3-3 Maximum Sampling Rate 


- Number of Channels Under Memory Control (MM) 
2 3 4 


All rates in kilohertz. 


See Appendix 1 for derivation. 
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would have to be cleared manually by momentarily turning all the front 


panel switches off. 


Operation without memory. The only restriction in this 
situation is a maximum sampling rate. The worst case occurs when 8 
channels are in use yielding a maximum sampling rate, per channel, of 
10.4 KHz. Without the Sampling Controller, the analog-to-digital 
converter can sample 8 channels at a maximum rate of 12.5 KHz. Even 
with this 17% reduction, however, the Sampling Controller allows 
sampling rates that are more than adequate for most physiclogical 
experiments. 

It should always be remembered that it is not wise to scan 
channels that are not in use. For instance, if the first three channels 
are being scanned, and only channels 1 and 2 are used, it would be better 
to turn the END CHANNEL selector to 2 instead of 3. By doing this a 
slight increase in the maximum sampling rate, for channels 1] and 2, can 


be attained. 


Operation with memory. Any of the first four channels may be 
controlled by the memory simply by putting the appropriate switch on. 
When one or more of the switches are on, an orange light above the 
switches glows, indicating that the memory is in use. The sampling 
rate limitation for the channels which are under memory control is more 
severe than for those which are not (Table 3-3). 

Only channels that are being scanned should be under memory 
control. For example, switches 3 and 4 should not be on if the END 
CHANNEL selector points to 2. If the END CHANNEL selector is on N and 


switch N+l is on, all 16 channels will be scanned instead of the first N. 
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Whenever the memory switches are on, the timer is also in 
operation. Since the oscillator frequency is crucial to the accuracy 
of the timer, the frequency should be checked at least every 180 days. 
If the frequency is not 1,024,000 + 250 Hz., the adjustment screw on 
the oscillator card should be turned until the frequency is within this 


range. 


Sample-hold circuits. Periodically the offset of the sample- 
hold circuits should be checked. To do this, the input of the sample- 
hold circuit should be grounded, and the offset adjusted until the 
analog-to-digital converter indicates zero volts. When the FET input 
preamplifiers were installed, the sample-hold circuits were adjusted 
for near zero temperature coefficient of the offset voltage. This was 
done by heating the modules in an oven and turning the temperature 
coefficient potentiomenters until a minimum change was noted in the 
offset voltage for each circuit. (Changes of less than 5 microvolts 
per centigrade degree can typically be achieved.) The same procedure 


should be followed if, for any reason, the preamplifiers are replaced. 


Peak detector. The front panel controls of the peak detector 
module are shown in Plate 1. In the peak mode, a 1 to O transition 
appears at LOGIC OUT when a peak occurs at ANALOG IN. 

Several options are available in the peak mode. First, the 
polarity switch (indicated by +) allows either a positive or negative 
peak to be detected. A positive peak is one with a negative second 
derivative. Second, the LEVEL knob allows some discrimination of signal 
peaks on the basis of amplitude. When the polarity switch is up (+) any 


peaks below the LEVEL voltage are ignored. The reverse is true if the 


od ; 7 - 


ee eas eee cnt oy wait 


anh ORE etom yaad Is nasa oi lee aps als jaetd ot to 


oo Sots’ GAY at 628s. 00D REG ST” saa BE Slaps ada: AE 
aids #tA+w G}) vatobpest ods Lani Wehad> ee ee ae 


a 


~slqese afg 0 satty.odtortleatbotsal ,agiugeto (torl-whqmee oe 
~olymia sila % sujot afd Abed of oF letlead od Mpode eriwonts blod 
a4. Lite Sosenpos suehib witty bic ,bahouted of ivete sions) biog 
Seqat ‘THT ayia ntl <eayey 619s 2955) weet YI TOVITOS leoigttem-golaae 
tadsufis ctw alluos biqd-plqyan mild ,belIsazciilt o%am seneibeamne 
ew elit .eseifov iseslie ait.Jo Saslor leon Sti isteqme ates wean Jol 
3 eats ols onto ti bas neve as ni. solubow and onrrastt gf engb 

ott ot bea = aw sana evetole 6 [hiag eas2 ismgt n9I6q snanayeteae 
etiovorie 2 cali, paul ie exaned2) -rtuotts fone bi ogather aga3%e 
wilco suet oT (i bsvardar ed yf Foctary 1 482 s97geh soe _kaneo. seq 


Bbesetye? o7s eisbtilgmesz¢ »d) «noesex yn io? , 2) hewoliod sd bigeds 


qaIg639h deeq edz! In afoxines fonag Ince? sHT .3ndsonsb-saee 9 Ag 
saldtenes2 0 6) Ln ,shom Aa0q gi) al .1 94et? ut quod osm akebow 

‘ “Mi DQIANA 3© s7uo30 stooq « nate PUD Dladd a= samegge 

962 .s937% | .obom oiney si) int otannfon PIs anntage Dapaveg ase 
svninged vo avisietiq: ® willis seg ia (= ei. lege net) detdwn pskemleg 
eeosn, enrkangnr-s. dy iw-apo et dueq avertuog A -buagazeh 9d od Ane 
Lange Xe eatsoninsaoddh ames suite dou JIVE 21 bmoaae sub vevesals 
og ails. aod .obaaitqme Jo atand- ota me mdeng 

hh aes a PE te eee en 


ny 


polarity switch is down. Third, the response of the peak detector may 
be changed according to the anticipated width of the pulses. If pulses 
between .3 milliseconds and 2 milliseconds in duration are expected, the 
mode switch should be in the up position (FAST). The mode switch should 
be in the intermediate position (SLOW) if the pulses are between 2 
milliseconds and 20 milliseconds long. The FAST mode is especially 
suitable for neuro-electric action potentials. 

The peak detector is in the level mode when the mode switch 
is down.) Ine this mode weit ethe polarity switch issup, LOGIC OUT is high 
when ANALOG IN is above the LEVEL voltage. On the other hand, if the 
polarity switch is down, LOGIC OUT is high when ANALOG IN is below the 
LEVEL voltage. This facility is useful if, for example, the period of 
a waveform is to be measured. In other cases, it may be necessary to 
sample a waveform at a high rate when the waveform is above or below a 
certain value. For example, it may be desirable to sample an amplified 
action potential at 25 KHz. but only when its amplitude is above 0.5 
volts. In this situation, the polarity switch should be up, the LEVEL 
knob should indicate + 0.5 volts, the mode switch should be on LEVEL, 


and a 25 KHz. square wave should be applied to GATE. 


yD ical ebestl tS er sgUne go —Z. 8 o~ J oertd 3-4 show examples of 
computer data acquired using the analog-to-digital converter and Sampling 
Controller. 

The channel numbering on the Sampling Controller starts at 1 
instead of 0 so that the binary channel number 0000 indicates channel 1; 
1111 indicates channel 16, and so on. 

The most significant bit of the converter output word is the 


sign bit; 1 indicates minus, and 0 indicates plus. Negative numbers 
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Plate 1 Modules: A sample-hold module (left), and peak detector module. 
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Plate 2 Logic Cards, The double card assembly is the control and the 
single card is the sub-memory. 
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0000000000 0000 0000000000 0000 


0000000000 0000 1110010100 0100 
0000000000 0000 1110110100 0101 
0000000000 0000 1110110100 0101 
0000000000 0000 1110010190 0100 
0000000000 0000 1110010100 0100 
0000000000 0000 1110110100 0101 
0000000000 0000 1110010100 0100 
0000000000 0000 1110110100 0101 
0000000000 0000 1110010100 0100 
0000000000 9000 1110110100 0101 
0000000000 0000 0000000000 0000 
0000000000 0900 1110110100 0101 
0000000000 0000 1110010100 0100 
0000000060 0000 1110010100 6100 
0000000000 0000 Ca) 1110110100 0101 
1110010100 0100 
0000000010 0000 LLEOLLODOO: OG 
0000000011 OOOL 1110010100 0100 
0000000100 0010 1110110100 0101 
0000000011 0011 1110010100 0100 
LELOLITOOS (0012 1110110100 0101 
1110111000 0900 0000000000 0000 (ce) 
1110111000 OOOL1 A 4 
1110111000 0010 
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TLOLIOLILIT 0012 (b) 
Figure 3-2 Sections of typical computer print-outs of data generated 
by the data acquisition system--analog-to-digital converter information: 
(a) channel 1 grounded and sampled at 1 KHz.; (b) channels 1, 2, 3, and 4 
simultaneously sampling a 1 volt triangle wave at 10 KHz.; (c) channel 1 


grounded and sampled at 100 Hz., channels 5 and 6 floating and sampled 


(simultaneously) at 500 Hz. 
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Pisure=3-3 Sections of typical computer print-outs of data generated 
by the data acquisition system illustrating the use of the memory: 

(a) memory on-channel 2 sampled 6 microseconds after channel 3 at 1 KHz. 
(channel 2 is grounded and channel 1 is floating); (b) memory off-same 


conditions as (a). Note how the order is mixed up in (b). 
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1010000000 0100 
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1010000000 0100 

1010000090 0100 

1010000000 0100 Decimal Equivalent = 5/8 x (24 x 10) msec. 
1010000000 0100 
1010000000 0100 
1010000000 0100 
1010000000 0100 (a) 


100 msec. 


1001111001 0100 
0001111010 0000 
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9001111010 0000 1001111001 0100 = 1001111001 0100 
1001111001 0100 at 

0001111010 0000 0001111010 0000 = 0000000111 0100 
1001111001 0190 1010000000 0160 


0001111010 0000 
1001111001 0100 
0001111010 0000 (b) 
+ c 
Fraction Exponent 


Figure 3-4 Sections of typical computer print-outs of data generated 
by the data acquisition system--timer information: (a) times between 
pulses at a steady frequency of 10 Hz.: (b) channels 1 and 2 are sampled 
at 10 Hz but channel 1 is sampled about 1.2 milliseconds after channel 2, 
Note that the total of the time intervals equals 100 milliseconds which 


corresponds to 10 Hz. 
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are simply a binary two's complement of positive numbers. (The binary 
two's complement of a number is just the one's complement plus one.) 
For example, the voltage -2.5 volts corresponds to 1,000,000,000. The 
resolution of the converter is 4.88 millivolts. 

Figures 3-5 and 3-6 are photographs of oscilloscope displays 


showing the operation of a peak detector and sample-hold circuit. 
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(b) Level mode (+, GATE = 2KHz., LEVEL = 1, 8v.) 


Figure 3-5 A peak detector in operation. 
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Figure 3-6 


A sample-hold circuit (hold period = 0.2 msec.). 
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Chapter 4 
SUMMARY 


The Sampling Controller is presented, in this thesis, as an 
aid to real-time analysis. In many situations, it can reduce the quantity 
of superfluous data sent to the computer by an analog-to-digital 
converter. 

The Sampling Controller makes a 16 channel multiplexed 
analog-to-digital converter appear like 16 independent single channel 
analog-to-digital converters. Therefore, the channels may be sampled 
at different rates, or even simultaneously. The regular or irregular 
sampling rate for a channel is determined by an external pulse source. 

A timer has been built into the controller so that the times 
between the occurances of samples, on any of the first four channels, 
can be measured. This timer, in conjunction with one of the included 
peak detectors, provides a means whereby a series of action potentials 
can be reduced to peak values and interpeak time intervals. 

For test purposes the Sampling Controller was connected to a 
Hewlett-Packard 5610A analog-to-digital converter and 2100A computer. 
Various channels were sampled at different rates and a number of 
channels were sampled simultaneously. The correct operation of the 
timer was verified by sampling several channels at known intervals. In 


each of these respects, the Sampling Controller performed satisfactorily. 
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Appendix 1 


MAXIMUM SAMPLING RATE 


Following is an explanation of how the values of Table 3-3 
are determined. It is always assumed that the END-CHANNEL selector of 
the controller points to the last channel in use. (For example, the 


selector should indicate 5, if the first 5 channels are in use.) 


Let N = total number of channels scanned, 
M = total number of channels under memory control, 
t = interrogation time = 1 microsecond, 
T = conversion time allowed by controller = 11 microseconds, 


4t = cycle time of strobe counter in the memory. 


Case #1 M 
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An examination of the timing of the control unit reveals that 
the time required to interrogate a flag, digitize a value, and advance 
to the next channel is (t+T). The longest period of time that can elapse 
between interrogations of a particular flag is N(t+T). This occurs when 


all flags are set simultaneously. Therefore, 


ug 


= N(t+T) Hz (M=0) 


Maximum Rate = R 


- RH2* 


Capari tue =2 leer ae 


The maximum sampling rate for a channel that is not under 
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memory control is 1 whether other channels are controlled by the 
N(t+2) 


memory or not. Therefore, this case is only concerned with those channels 

influenced by the memory. 

To find the maximum sampling rate, the longest possible delay 
is determined which can exist between the arrival of a sampling pulse 
and the conversion of the corresponding channel. If the memory is used, 
the delay can arise from a number of sources which are described below. 
(1) The strobe counter in the memory may delay the entering of 

information into the memory by as much as 4t. 

(2) If the channel of interest is given the lowest priority in 
the memory, the delay for this channel is equal to or longer 
than any other channel under memory control. 

(3) The position of the scan counter, when the memory associated 
flags are set, is also important. The worst situation occurs 
when the scan counter is interrogating the channel after the 
channel of highest priority in the memory. In this case the 
scan counter must make one complete cycle before converting 
even the channel of highest priority. 

(4) The channels that are not controlled by the memory cause the 
maximum delay if they are sampled at the maximum rate possible. 
In other words the corresponding flags are set every time the 
control interrogates them. 

(5) If the memory-associated channels are ranked in "reverse order”, 
this necessitates one complete cycle of the scan counter 
between a conversion of each of them, and therefore more delay. 
Reverse order means an order opposite to the numerical order 


of the channels. For example, if channels 1, 2, and 3 are 
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ranked in reverse order the channel of highest priority is 3 
and the one of lowest priority is l. 

(6) When the situation in (4) and (5) exists, the longest delay 
between the conversion of the memory-controlled channels 


occurs when they are grouped together. 


To illustrate the previous points the following example is 
provided (Figure Al-1). Four channels are in use but only two of these 
are under memory control. According to point (6), the worst cases for 
the arrangement of the memory-associated channels are 1, and 2; 2, and 3; 
3, and 4; or 4, and 1. Since the operation of the scan counter is 
cyclic, there is no difference between these cases, so the arrangement 
of channels 1, and 2 may be chosen arbitrarily. 

From (5) it is seen that channel one should be given the 
lower priority (B), and point (2) indicates that channel 1 is the worst 
case of the two. 

The position of the scan counter is given by point (3) to be 
channel 3. Flags 3 and 4 should always be set to provide the maximum 
delay possible, according to (4). 

At time zero flags 2, and 1 are set simultaneously but channel 
2 is given the highest priority by the strobe counter in the memory. 

The total time until the end of the conversion of channel 1 is given 
in Figure Al-l. 


The general case is given in Figure Al-2. 
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Scan counter ve : 


position (at time zero) 


4t 
(t+T) 
(t+T) 
re 


(t+T) 
(t+T) 
(t+T) 
(t+T ) 


ones strobe counter delay [point (1)] 
conversion of channel 3 
conversion of channel 4 
interrogation of channel 1 which is blanked 
by the memory 
conversion of channel 2 
ata conversion of channel 3 
conversion of channel 4 
conversion of channel 1 


5t + 6(t4T) 


R 


10° 


TS 406( 1D omrere te 


Figure Al-1 Example when M # 0. 
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At 
(N-M) (t+T) 
(M-1)t 
(t+T) 
(N-M) (t+T) 
(M-1)t 
(t+T) 
(N-M) (t+T) 


M-1 time 


(M-1)t 
(t+T) 
(N-M) (t+T) 
(t+T) 


(M7 2ME5) t + (M-M74MN) (t+) 


Therefore, R = 


Figure Al-2 


strobe counter delay 


conversion of 
interrogation 
conversion of 
conversion of 
interrogation 
interrogation 
conversion of 


interrogation 
conversion of 
conversion of 
conversion of 


(M?-2M+5) + 12(M4+MN-M*) 


non-memory channels 

of blanked channels 

highest priority channel 
non-memory channels 

of blanked channels 

of next highest priority channel 
non-memory channels 


of blanked channels 

next to lowest priority channel 
non-memory channels 

lowest priority channel 


10° 


Tk ean PAS ee, KHz. 
12MN - 11M” + 10M + 5 


The general case for M # 0. 
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Appendix 2 


INTEGRATED CIRCUITS 


Modified Diode Transistor Logic (MDTL) 


Maximum Ratings 


SUDO LY eV Ca CmmEreEse iad ins) mtr mee er nee ger 0) LV 
Ogepue Current. . .) 5. DUELEYSe 1). 2 .ee lOO. mat 
(into outputs) 

OCCT S 4 .am.nme ian 30 ma 
inpuierorward Cumnentte... .. a. .«. cmeekeeeeee =LUema 
Inpum Reverse Cunpentey. . butienss. iu. 5 ma 

Cohiba © Gad te 1 ma 
Operating Temperature Range ...... Oto 75 °Gen {MG 830 *Series) 
Logic Levels 
LOGL CUM hese 3) San ee tyes See OG OF tm On GavOlLts 
Log tee). 3... oe ee. ce ce ee tO. Oevolrs 
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Code Number Type Function 
a MC 830 Expandable Dual 4-input NAND Gate 
2 MC 833 Dual 4-input Expander 
B MC 834 Hex Inverter 
4 MC 836 Hex Inverter 
5 MC 837 Hex Inverter 
6 MC 838 Decade Counter 
7 MC 839 Divide-by-Sixteen Counter 
8 MC 846 Quad 2-input NAND Gate 
9 MC 849 Quad 2-input NAND Gate 
(2 K pullup resistor) 
10 MC 851 Monostable Multivibrator 
ie MC 852 Dual J-K Flip-Flop (common clock 
and Cy» separate Sp) 
12 MC 853 Dual J-K Flip-Flop (separate clock 
and Sp» no C,) 
sis MC 855 Dual J-K Flip-Flop (common clock and 
Cy» separate Sp: 2K pull-up) 
14 MC 856 Dual J-K Flip-Flop (separate clock 
and Sys no Ch» 2K pull-up resistor) 
Ley MC 857 Quad 2-input Buffer 
16 MC 861 Expandable Dual 4-input NAND Gate 
(2K pull-up resistor) 
Ale MC 1801 Dual 5-input NAND Gate 
(2K pull-up resistor) 
18 MC 1803 Expandable 8-input NAND Gate 
(2K pull-up resistor) 
19 MC 1806 Quad 2-input AND Gate 
20 MC 1809 Quad 2-input OR Gate 


(2K pull-up resistor) 
tah MC 1813 Quad Latch 


oe MC 1814 Quad Latch 
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